Introduction
============

Emerging evidence from China and other countries indicates that infection with the novel coronavirus, SARS-CoV-2, which causes a potentially life-threatening disease of the upper and lower airways called COVID-19, is associated with significant activation of the coagulation system. This "coagulopathy" may result in vascular complications, mainly venous thromboembolism (VTE), a composite of deep vein thrombosis (DVT) and pulmonary embolism (PE), which have significant implications for the clinical outcome of COVID-19 patients. [@JR200036-1] [@JR200036-2] [@JR200036-3] [@JR200036-4] [@JR200036-5] Anticoagulant strategies to prevent or treat VTE in ambulatory and hospitalized patients with proven SARS-CoV-2 infection have thus gained tremendous attention over the last weeks and months. Recently, a number of national and international medical societies, including the Society of Thrombosis and Haemostasis Research (GTH---Gesellschaft für Thrombose- und Hämostaseforschung e.V.), have published recommendations on thromboprophylaxis and management of COVID-19-associated coagulopathy. [@JR200036-6] [@JR200036-7] [@JR200036-8] [@JR200036-9] [@OR200036-10] [@OR200036-11]

Evidence from Mainland China
============================

In February 2020, colleagues from Wuhan, China, reported on abnormal coagulation parameters in 183 consecutive COVID-19 patients. [@JR200036-3] Baseline levels of prothrombin time (PT), D-dimer, and fibrin degradation products were significantly increased in nonsurvivors ( *n*  = 21) compared to survivors ( *n*  = 162). Moreover, 71.4% of patients with a fatal outcome developed a progressive systemic coagulopathy over the course of hospitalization, which was consistent with overt disseminated intravascular coagulation (DIC) according to the criteria of the International Society on Thrombosis and Haemostasis (ISTH), while this was the case in only 0.6% of surviving patients. Median time to DIC was 4 days (range: 1--12 days). At later stages, DIC in nonsurvivors was characterized by massively elevated D-dimer and fibrinogen consumption, a finding consistent with excessive fibrinolysis. Unfortunately, no further information was provided, e.g., on anticoagulant treatment strategies or on whether patients with a fatal outcome had suffered from septic shock due to bacterial superinfection or had received intensive life support measures such as extracorporeal membrane oxygenation (ECMO) therapy.

In another study from China involving 191 COVID-19 patients, 50% of those who died presented with a coagulopathy, as defined by a 3-second prolongation of the PT and/or a 5-second prolongation of the activated partial thromboplastin time (APTT), while this was the case in only 7% of surviving patients ( *p*  \< 0.0001). [@JR200036-12] A baseline D-dimer level of \>1 mg/L was associated with an 18-fold increased risk of death, with D-dimer levels progressively increasing over the course of hospitalization in nonsurvivors.

Tang and coworkers retrospectively investigated the effect of prophylactic anticoagulation, mainly with low-molecular-weight heparin (LMWH), on 28-day mortality in a cohort of 449 patients with severe COVID-19 from Wuhan. [@JR200036-13] Ninety-nine patients (22.0%) had received pharmacological thromboprophylaxis for ≥7 days, and 97 patients (21.6%) had developed septic-induced coagulopathy (SIC), as defined by the criteria of low platelet counts, prolonged PT, and sepsis-related organ failure assessment score. Heparin prophylaxis (vs. no heparin prophylaxis) had no effect on survival in the total patient cohort, with 28-day mortality rates of 30.3 versus 29.7%, respectively ( *p*  = 0.910), but significantly decreased 28-day mortality in patients with SIC (40.0 vs. 64.2%, *p*  = 0.029) or in those with a baseline D-dimer level of \>3 mg/L (32.8 vs. 52.4%, *p*  = 0.017).The ISTH interim guidance on recognition and management of coagulopathy in COVID-19 recommends prophylactic anticoagulation with LMWH in all hospitalized patients, regardless of the presence of SIC or DIC. [@JR200036-6]

Following initial case reports on PE in COVID-19 patients, [@JR200036-14] a retrospective study from Wuhan analyzed the frequency of venous thrombosis of the lower extremities, as detected by screening Doppler ultrasonography, in a cohort of 81 patients admitted to an intensive care unit (ICU). [@JR200036-15] The authors reported a thrombosis prevalence of 25% (20/81 patients) with no further information provided regarding the type (superficial vein thrombosis vs. DVT) and localization (distal vs. proximal or unilateral vs. bilateral venous thrombosis). In this study, pharmacological thromboprophylaxis was not routinely administered. A baseline D-dimer cut-off value of 1.5 mg/L resulted in 85% sensitivity and a negative predictive value of 95% for the detection of lower extremity venous thrombosis, which was also associated with advanced patient age and decreased lymphocyte counts.

Evidence from Europe and North America
======================================

When interpreting findings of case series and observational studies from China, it is important to consider ethnicity, which has a significant impact on the thrombotic risk. In epidemiological studies, the incidence of VTE was three- to four-fold lower in Chinese compared to Caucasian individuals, while the VTE risk in African Americans appears to be higher than that in Caucasians. [@JR200036-16] [@JR200036-17] [@JR200036-18]

In an Irish cohort of 83 COVID-19 patients, mainly of Caucasian ethnicity, baseline D-dimer levels were significantly increased in patients with a fatal outcome and/or requiring ICU admission ( *n*  = 33) compared to surviving non-ICU patients ( *n*  = 50). [@JR200036-5] While there was no difference in platelet counts and PT and APTT values, levels of fibrinogen and C-reactive protein (CRP) were significantly increased in patients with a nonfavorable outcome. None of the patients initially presented with overt DIC according to ISTH criteria, and none of the patients maintained on LMWH prophylaxis developed overt DIC over the course of hospitalization.

In three Dutch hospitals, there was a 31% cumulative incidence of thromboembolic complications in 184 COVID-19 patients treated in an ICU over a median observation period of 7 days (interquartile range: 1--13 days). [@JR200036-4] Importantly, all patients had received standard VTE prophylaxis with LMWH, and no imaging studies had been performed to screen for VTE. PE was the most frequent thrombotic complication, accounting for 25 of the 31 events, while three patients had experienced acute ischemic stroke.

Comparing 75 ICU with 123 non-ICU COVID-19 patients admitted to the Amsterdam University Academic Medical Center, Middeldorp et al. found a significantly increased proportion of patients with symptomatic or asymptomatic VTE in the ICU (47.0%) compared to the non-ICU cohort (3.3%), with cumulative VTE incidence rates in ICU patients of 26, 47, and 59% at 7, 14, and 21 days, respectively. [@JR200036-19] These VTE rates were observed despite prophylactic anticoagulation being the standard of care for all patients included in the study. During the study period, ICU patients began to receive a double dosage of anticoagulation, compared to patients treated in general wards. The risk of VTE in ICU patients was not lower in the period in which the anticoagulation dosage was doubled (58%) than in the initial study period (41%).

Working groups from France also reported high frequencies of VTE in COVID-19 patients requiring ICU admission.

In 26 mechanically ventilated patients, screening duplex and Doppler ultrasonography of the lower extremities revealed superficial vein thrombosis or DVT in 4 and 14 patients, respectively, with bilateral thrombosis being present in 10 patients. [@JR200036-20] The frequency of thrombosis was significantly higher in patients receiving prophylactic (8/8 patients) as compared to those receiving therapeutic anticoagulation (10/18 patients, *p*  = 0.03). Computed tomography pulmonary angiography (CTPA) or transesophageal echocardiography was performed in cases of persistent or secondary respiratory failure and detected PE in six patients, all of whom had received therapeutic anticoagulation.

In another French study involving 107 ICU patients with COVID-19, PE was diagnosed by CTPA in 22 patients (20.6%). [@JR200036-21] This rate appeared higher when compared to the PE rate of a historical control group of 196 ICU patients (6.1%) or a group of 40 patients with influenza viral pneumonia (7.5%). Importantly, CTPA was ordered more frequently in the influenza viral pneumonia (42.5%) than in the COVID-19 patient cohort (31.8%).

A similar finding was obtained when 77 patients with COVID-19-associated acute respiratory distress syndrome (ARDS) were matched with 145 patients suffering from non-COVID-19 ARDS. [@OR200036-22] The rate of PE was significantly higher in COVID-19 compared to non-COVID-19 ARDS patients (11.7 vs. 2.1%, *p*  = 0.01).

Evaluating the usefulness of plasma D-dimer in providing guidance on whether or not to order imaging studies, a level of \>2.66 mg/L was found to have 100% sensitivity and 67% specificity for the detection of PE by CTPA. [@JR200036-23]

Recent autopsy data from 12 consecutive COVID-19-positive deaths in Hamburg, Germany, revealed bilateral DVT in seven patients (58%) and massive, fatal PE in four patients (33%), with thrombi deriving from the deep veins of the lower extremities. [@JR200036-24] In addition, thrombosis of the prostatic venous plexus was diagnosed in six of the nine men. In none of the patients, VTE was suspected before death. Importantly, two patients died from massive PE outside the hospital, suggesting that COVID-19 is associated with a significant risk of VTE even in the ambulatory setting.

Consistent with these findings, Lodigiani et al. found that 50% of all VTE events recorded in 362 hospitalized COVID-19 patients from Milan, Italy, were diagnosed within 24 hours after hospital admission. [@JR200036-25]

In a retrospective study involving 2,773 hospitalized COVID-19 patients from New York City, United States, administration of treatment dose anticoagulation was associated with decreased in-hospital mortality, particularly in patients requiring mechanical ventilation. [@JR200036-26]

Pathophysiological Considerations
=================================

The pathophysiological mechanisms leading to severe COVID-19 and the role of the hemostatic system in disease progression are not yet fully understood. The lung seems to be the target organ for SARS-CoV-2, and patients may develop acute lung injury and ARDS upon infection. However, increasing evidence emerges that severe COVID-19 is a multiorgan disease associated with a coagulopathic state. [@JR200036-27] In the German autopsy study, viral RNA titers were also detected in other organs such as the liver, kidney, or heart. [@JR200036-24]

In general, microorganisms can activate monocytes, tissue macrophages, and endothelial cells, thus triggering the production of proinflammatory cytokines and activation of the coagulation protease cascade. Both, inflammation and coagulation, are synchronous responses of the host\'s defense aimed at containing invading pathogens. These complex processes are referred to as thrombo-inflammation or immunothrombosis. The loss of normal antithrombotic and anti-inflammatory functions of endothelial cells leads to dysregulation of coagulation, platelet activation, and leukocyte recruitment in the microvasculature, with complement activation likely playing an important role in the context of COVID-19-associated pneumonitis and purpuric skin lesions. [@JR200036-28] [@JR200036-29] [@JR200036-30]

To describe the coagulation changes in COVID-19 patients, the term CAC (COVID-19-associated coagulopathy) has been introduced. [@JR200036-27] Coagulation test abnormalities in the early phase of SARS-CoV-2 infection do not result in clinical bleeding and thus do not fulfill the more stringent definition of "coagulopathy." Whether progression of initial coagulation changes to SIC or DIC is a characteristic feature of COVID-19 and not caused, e.g., by ARDS, septic shock, or ECMO therapy is currently not clear. Even in COVID-19 patients with overt DIC, bleeding manifestations have not been reported. [@JR200036-27] To differentiate the changes of hemostatic parameters observed in COVID-19 patients from those observed in patients with DIC and consumptive coagulopathy of other etiologies, the term pulmonary intravascular coagulopathy (PIC) has been introduced. [@JR200036-5] Studies using viscoelastic whole blood assays have demonstrated significant hypercoagulability due to a severe inflammatory state in COVID-19 patients requiring ICU admission, [@JR200036-31] [@JR200036-32] further arguing against DIC as a universal finding in advanced disease stages. Thus, the designations CAC or PIC have been introduced in COVID-19 patients to underline that their laboratory (and clinical) hemostasis features are distinct from overt DIC. Neither CAC nor PIC, however, are currently well defined.

In some patients with COVID-19, a prolonged APTT, which is frequently considered indicative of a systemic "coagulopathy," may actually be caused by a lupus anticoagulant, [@JR200036-33] thus conferring an increased thrombotic rather than an increased hemorrhagic risk. Whether elevated antiphospholipid antibodies play a role in the pathogenesis of COVID-19-associated thromboembolic complications and coagulation activation [@JR200036-34] [@JR200036-35] warrants further investigation.

The tropism of SARS-CoV-2 for angiotensin converting enzyme 2 receptors expressed on endothelial cells seems to result in endothelial cell activation and apoptosis. There is evidence for direct infection of endothelial cells not only in the lungs, but also in the kidneys or the small intestine with consecutive infiltration of mononuclear leukocytes and both endothelial and inflammatory cell death. [@JR200036-36] Signs of endothelial activation in severe COVID-19 infection have been described with massively elevated plasma levels of von Willebrand factor and factor VIII. [@JR200036-34]

Elevated levels of interleukin-6 (IL-6), CRP, erythrocyte sedimentation rate, and fibrinogen indicate systemic inflammation in patients with COVID-19. The inflammation is the probable cause for elevated D-dimer levels, and may also be a sign of acute lung injury. Thus, D-dimer levels track the severity of disease progression and inflammation. A hyperinflammatory response arises in some patients, resulting in a cytokine storm and dramatic changes in coagulation tests, including elevated D-dimers. Increases of IL-6 levels have been reported to correlate with increased fibrinogen levels, confirming the link between inflammation and procoagulant changes of the hemostatic system. [@JR200036-27]

Some COVID-19 patients develop severe hypoxemia, and thrombus formation is increased under hypoxic conditions. The vascular response to hypoxia is primarily controlled by hypoxia-induced transcription factors, targeting genes responsible for regulation of thrombus formation. [@JR200036-37]

Taken together, inflammation and hypoxia in COVID-19 lead to a prothrombotic state, which is usually not in accordance with the ISTH definition of overt DIC. Evolution of a systemic coagulopathy is indicative of a poor prognosis. It should be considered that COVID-19 patients may be immobile for a while before hospitalization. Further risk factors such as advanced age, comorbidities, and history of VTE may result in thromboembolic complications even after successful treatment of the SARS-CoV-2 infection and discharge from hospital.

VTE Prophylaxis in COVID-19
===========================

Based on the current literature and according to similar guidance documents from other medical societies, the GTH e.V. has issued the following recommendations on VTE prophylaxis in patients with SARS-CoV-2 infection (COVID-19). [@OR200036-11] Further adaption of these recommendations will be necessary with increasing knowledge of the disease.

-   In all patients with confirmed SARS-CoV-2 infection, the indication for pharmacological VTE prophylaxis with LMWH (or alternatively with fondaparinux) should be evaluated on a regular and permissive basis, regardless of the need for hospitalization.

-   If pharmacological VTE prophylaxis is indicated, LMWH should be given at a dosage approved for high-risk situations. In case of contraindications for anticoagulation, physical measures should be used (e.g., medical compression stockings).

-   Levels of plasma D-dimers should be determined in symptomatic patients with confirmed SARS-CoV-2 infection. In the case of significantly elevated D-dimer levels (≥1.5--2.0 mg/L), pharmacological VTE prophylaxis should be initiated and hospitalization be considered, regardless of the severity of clinical symptoms.

-   All hospitalized COVID-19 patients should receive pharmacological VTE prophylaxis in the absence of contraindications.

-   Intensified VTE prophylaxis (e.g. with an intermediate, half-therapeutic LMWH dosage once daily or with a high-risk prophylactic LMWH dosages twice daily) should be considered in patients with additional risk factors (e.g. body mass index \> 30 kg/m ^2^ , history of VTE, known thrombophilia, active cancer) and/or requiring ICU admission and/or with rapidly increasing D-dimer levels, taking into account renal function and bleeding risk.

-   In the absence of confirmed VTE or ECMO therapy, anticoagulation at treatment dosages can currently not be recommended on a routine basis. In cases of suspected VTE (e.g., acute deterioration of dyspnea, unexplained decrease in oxygen saturation, progressive peripheral edema, rapid increase of plasma D-dimers), appropriate imaging studies (CTPA, ultrasonography) should be ordered permissively.

-   Hemostatic parameters should be monitored in all hospitalized patients with SARS-CoV-2 infection. Reasonable parameters are D-dimers, PT/international normalized ratio, platelet count, fibrinogen, and antithrombin.

-   Thrombocytopenia and/or a prolonged APTT or PT without clinical signs of bleeding are **per se** no contraindications for pharmacological VTE prophylaxis.

-   In ECMO-treated patients receiving unfractionated heparin, laboratory monitoring should target for 1.5- to 1.8-fold prolongation of the baseline APTT. In cases of severe inflammation with "heparin resistance," additional monitoring of anti-Xa activity levels (target range: 0.3--0.7 IU/mL) is recommended.

-   Following discharge from hospital, prolonged pharmacological VTE prophylaxis in the ambulatory setting is reasonable in patients with persistent immobility, high inflammatory activity, and/or additional risk factors (as mentioned above). The recommendation for prolonged VTE prophylaxis, at the initially prescribed dosage, should be communicated to general practitioners in discharge documents and reviewed by a hematologist or vascular specialist.

In hospitalized COVID-19 patients who develop VTE, especially in those requiring ICU admission, LMWH at therapeutic dosages may be considered the standard of care. In cases of severe renal insufficiency, unfractionated heparin should be administered. Anticoagulation for VTE should be continued for 3 to 6 months. In the ambulatory setting, oral anticoagulation, including treatment with direct oral anticoagulants, is feasible. Bleeding risk and potential pharmacological interactions with other medications in patients with multiple comorbidities must be considered.

Perspective
===========

With a plethora of studies delineating the highly thrombogenic state in COVID-19 patients and suggesting that standard prophylactic dosages of LMWH may not be sufficient in all cases, results from rigorously conducted trials are eagerly awaited. A number of clinical studies have been initiated to answer important questions such as the following: Is very early prophylactic anticoagulation beneficial with regard to prevention of VTE and other relevant endpoints, e.g., hospitalization, need for ICU admission, mortality? Is intensified anticoagulation with intermediate or full therapeutic dosages required to protect hospitalized patients from VTE? Who will benefit from prolonged pharmacological VTE prophylaxis following hospital discharge? These questions require valid answers to modify or intensify the current anticoagulation management of COVID-19 patients accordingly.
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